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Equivalence of Protein Inventories Obtained
from Formalin-fixed Paraffin-embedded and
Frozen Tissue in Multidimensional Liquid
Chromatography-Tandem Mass Spectrometry
Shotgun Proteomic Analysis*s
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Mary Kay Washington**, Robbert J. C. Slebostt f, and Daniel C. Liebler1§ §§

Formalin-fixed paraffin-embedded (FFPE) tissue speci-
mens comprise a potentially valuable resource for retro-
spective biomarker discovery studies, and recent work
indicates the feasibility of using shotgun proteomics to
characterize FFPE tissue proteins. A critical question in
the field is whether proteomes characterized in FFPE
specimens are equivalent to proteomes in corresponding
fresh or frozen tissue specimens. Here we compared
shotgun proteomic analyses of frozen and FFPE speci-
mens prepared from the same colon adenoma tissues.
Following deparaffinization, rehydration, and tryptic di-
gestion under mild conditions, FFPE specimens corre-
sponding to 200 ug of protein yielded ~400 confident
protein identifications in a one-dimensional reverse phase
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis. The major difference between frozen
and FFPE proteomes was a decrease in the proportions of
lysine C-terminal to arginine C-terminal peptides ob-
served, but these differences had little effect on the pro-
teins identified. No covalent peptide modifications attrib-
utable to formaldehyde chemistry were detected by
analyses of the MS/MS datasets, which suggests that
undetected, cross-linked peptides comprise the major
class of modifications in FFPE tissues. Fixation of tissue
for up to 2 days in neutral buffered formalin did not ad-
versely impact protein identifications. Analysis of archival
colon adenoma FFPE specimens indicated equivalent
numbers of MS/MS spectral counts and protein group
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identifications from specimens stored for 1, 3, 5, and 10
years. Combination of peptide isoelectric focusing-based
separation with reverse phase LC-MS/MS identified 2554
protein groups in 600 ng of protein from frozen tissue and
2302 protein groups from FFPE tissue with at least two
distinct peptide identifications per protein. Analysis of the
combined frozen and FFPE data showed a 92% overlap in
the protein groups identified. Comparison of gene ontology
categories of identified proteins revealed no bias in protein
identification based on subcellular localization. Although
the status of posttranslational modifications was not exam-
ined in this study, archival samples displayed a modest
increase in methionine oxidation, from ~17% after one year
of storage to ~25% after 10 years. These data demonstrate
the equivalence of proteome inventories obtained from
FFPE and frozen tissue specimens and provide support for
retrospective proteomic analysis of FFPE tissues for bi-
omarker discovery. Molecular & Cellular Proteomics 8:
1988-1998, 2009.

Formalin-fixed paraffin-embedded (FFPE)' tissue samples
are routinely prepared during the pathological characterization
of clinical specimens and are abundantly available in pathology
archives worldwide. The fixation process vyields clinically rele-
vant samples that can be stored at ambient temperature and are
suitable for pathological examination by light microscopy even
after years in storage. Given the wealth of clinical data associ-
ated with specimens collected over a span of decades, such as
patient treatment regimens and outcomes, FFPE tissue repre-
sents a potentially valuable resource for biomarker discovery
through retrospective analysis (1, 2).

However, fixation of tissue in formalin leads to significant
cross-linking among proteins and other biomolecules, render-
ing the samples incompatible with many biochemical analy-

" The abbreviations used are: FFPE, formalin-fixed paraffin-em-
bedded; IHC, immunohistochemistry, PM, pyridoxamine; ID, iden-
tification; IEF, isoelectric focusing; FA, formic acid; ACN, acetoni-
trile; FDR, false discovery rates; ANOVA, analysis of variance; PTM,
posttranslational modification.
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Multidimensional Shotgun Proteomics of FFPE Tissue

ses. Immunohistochemical (IHC) analysis of FFPE tissue has
been conducted since the 1970s using either proteolysis or
protein denaturants to expose antigenic regions of proteins (3,
4). Since the 1990s, detection of antigens in FFPE tissue has
been improved through the development of so-called antigen
retrieval techniques (5, 6). These methods involve application
of heat in the presence of any of a variety of buffers resulting
in the cleavage of methylene bridges formed during the
course of fixation (2).

Despite their utilization for IHC analysis, FFPE tissue sam-
ples have been largely overlooked in proteomics studies, due
to the assumption that tissue fixation would make proteomic
analysis intractable. Recent work appears to refute this no-
tion. In 2005, Hood et al. (7) first described the successful
application of shotgun proteome analysis to FFPE tissue.
Using laser capture microdissected cells and an optimized
extraction method, hundreds of proteins were identified from
a cancerous prostate lesion and benign prostate hyperplasia,
thus opening the door to comparative proteomic analyses of
FFPE tissue. Moreover, the same study showed that the num-
bers and identities of proteins observed were remarkably
similar when applying the method to frozen and FFPE mouse
liver, thus lending support to the use of FFPE tissue in bi-
omarker discovery studies. Since the initial demonstration of
its feasibility, FFPE tissues from diverse origins including
breast, liver, kidney, lymphoma, and bone successfully have
been subjected to proteomic analyses (8-14).

Although this work suggests the feasibility of biomarker
discovery from FFPE tissue, most of these previous studies
have been performed on small amounts of material with one-
dimensional reverse phase liquid chromatography-tandem
mass spectrometry (LC-MS/MS) methods. The use of multi-
dimensional peptide separations can extend the dynamic
range of the LC-MS/MS analyses to detect lower abundance
proteins. Recently, the use of capillary isotachophoresis as
the first dimension in a multidimensional peptide separation
strategy for analyzing FFPE tissue was described (8). In this
study, thousands of proteins were identified out of <4 ug of
digest from FFPE human liver sections. However, the appa-
ratus used was an in-house, custom-designed system, not
readily accessible to other laboratories. In several of these
studies, proteins identified by a single peptide were accepted
as valid identifications. Use of single peptide-based identifi-
cations elevates the probability of false positive protein iden-
tifications, and these identifications often constitute the ma-
jority of protein identifications (15).

The equivalence of fresh/frozen and FFPE tissue proteomes
is a critical issue in evaluating the suitability of employing FFPE
tissues for biomarker discovery by comparative proteomic anal-
yses. Hood et al. (7) and Guo et al. (14) reported comparisons
from analyses of paired fresh and frozen tissue specimens. Guo
et al. (14) reported an apparent overlap of 83% in protein iden-
tifications between FFPE and frozen brain tissue specimens,
whereas Hood et al. (7) did not report the degree of overlap, but

found that FFPE mouse liver tissue yielded about 88% of the
identifications determined for frozen mouse liver tissue. The
majority of protein identifications in both studies were based on
single peptide assignments. These investigations did not explic-
itly address the effect of formaldehyde-derived modifications on
the inventories of identified peptides.

An unexplored question with FFPE tissue specimens is the
extent to which normal variability in fixation process and
storage duration affect the proteomes observed. The duration
of tissue fixation is not highly standardized and may vary from
hours to several days. One of the most attractive features of
FFPE specimens is the opportunity for retrospective biomar-
ker discovery, but the effects of storage for many years on
tissue proteomes remains unknown.

Here, we address these questions through detailed compar-
ative studies of the analysis of fresh frozen and FFPE tissues by
LC-MS/MS-based shotgun proteomics. We used the same
fresh tissue specimens to prepare both frozen and FFPE sam-
ples for paired comparisons. We evaluated conditions for tissue
lysis and digestion and the effects of fixation time and storage
duration on the number of protein IDs obtained during shotgun
proteomic analysis of FFPE tissue. We also characterized the
differences in peptides observed between fixed and frozen
specimens in an effort to understand the effect of fixation from
a practical biomarker discovery standpoint. Furthermore, we
compared analyses of fresh frozen and FFPE colon adenoma
tissue by multidimensional LC-MS/MS using gel-based isoelec-
tric focusing of peptides (Fig. 1). The results demonstrate a
remarkable overlap in the number and identities of proteins
between the fixed and frozen tissue and indicate that variations
in duration of fixation and storage have a minimal effect on
protein inventories obtained by shotgun proteomic analysis.
The data indicate essential equivalence between protein inven-
tories obtained from fresh frozen and FFPE tissue specimens by
shotgun proteomics and validate the use of FFPE tissue spec-
imens for biomarker discovery.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Sub-X xylene substitute was obtained
from Surgipath (Richmond, IL), and 10% buffered formalin solution
was purchased from Starplex Scientific, Inc. (Etobicoke, Ontario,
Canada). lodoacetamide and pyridoxamine were from Sigma, tris-
carboxyethylphosphine was from Pierce, sequencing grade trypsin
was from Promega (Madison, WI), and trifluoroethanol and dithiothre-
itol were from Acros (Geel, Belgium). Trifluoroacetic acid, ammonium
bicarbonate, and urea were purchased from Fisher Scientific, and
EDTA was purchased from Invitrogen.

Tissue Digest—Fixed and frozen colon adenoma biopsies were
obtained from the Cooperative Human Tissue Network-Western Di-
vision (Vanderbilt University, Nashville, TN). The de-identified samples
and experimental protocol were subject to Institutional Review Board
exempt approval (Institutional Review Board No. 080856). Slices of
tissue (60 wm) were placed in separate centrifuge tubes. Paraffin was
removed with three washes in 1 ml of Sub-X, and rehydration was
achieved with three washes each in 1 ml of 100, 85, and 70% ethanol.

Adenoma slices were resuspended in 100 wl of ammonium bicarbon-
ate (100 mm, pH 8.0) either alone or with 1 mm EDTA or 100 mm
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Fic. 1. Strategy for multidimensional LC-MS/MS analysis of FFPE tissue.

pyridoxamine as mentioned in the text. Samples were heated at 80 °C
for 2 h. Tryptic digestion was done by an adaptation of the method of
Wang et al. (16). Trifluoroethanol (100 wl) was then added, and the
samples were sonicated for 20 s followed by 30 s incubation on ice. The
sonication was repeated twice. The resulting homogenate was heated
for 1 h at 60 °C followed by a second series of sonication steps, as
stated above. The homogenate was reduced with carboxyethylphos-
phine (10 mm) and dithiothreitol (25 mm) at 60 °C for 30 min followed by
alkylation with iodoacetamide (50 mwm) in the dark at ambient tempera-
ture for 20 min. The reduced and alkylated homogenate was diluted to
1 ml with ammonium bicarbonate (50 mm, pH 8.0) followed by addition
of trypsin at 1:50 (w/w). The digest was incubated overnight at 37 °C
followed by freezing at —80 °C and lyophilization. Samples were resus-
pended in 1 ml of high pressure liquid chromatography water, desalted
over 1 cc (100 mg) Sep-Pak Vac C18 cartridges (Waters Corp., Milford,
MA) and evaporated in vacuo with a SpeedVac sample concentrator
(ThermoFisher, Waltham, MA).

Isoelectric Focusing of Peptides—Isoelectric focusing (IEF) of tryp-
tic peptides was adapted from the method of Cargile et al. (17).
Adenoma tryptic peptides (200 ng) were resuspended in 500 ul of 6
M urea and loaded in an IPGphor rehydration tray. Immobiline immo-
bilized pH gradient strips (24 cm, pH 3.5-4.5) were placed over the
samples and allowed to rehydrate overnight at ambient temperature.
The loaded strips were focused at 21 °C on an Ettan IPGPhor-3 IEF
system (GE Healthcare) using the following program: step at 300 V for
900 volt-hours; gradient to 1000 V for 3900 volt-hours; gradient to
8000 V for 13500 volt-hours; step to 8000 V for 93700 volt-hours. The
strips were then cut into 20 (1.2 cm) pieces and placed in separate
wells of a 96-well enzyme-linked immunosorbent assay (ELISA) plate.
Peptides were eluted from the strips as follows: 200 ul of 0.1% formic
acid (FA) for 15 min; 200 ul of 50% acetonitrile (ACN)/0.1% FA for 15
min; 200 ul of 100% ACN/0.1% FA for 15 min. Solutions of extracted
peptides were evaporated in vacuo, resuspended in 1 ml of 0.1%
trifluoroacetic acid and desalted over a 96-well C18 Oasis hydrophilic-
lipophilic balance plate 30 um (10 mg) (Waters Corp.). Peptide solu-
tions were evaporated in vacuo, resuspended in 100 ul of 0.1% FA,
and placed in sample vials for LC-MS/MS analysis.

Reverse Phase LC-MS/MS—LC-MS/MS analyses were performed
on an LTQ-XL mass spectrometer (Thermo Electron, San Jose, CA)

equipped with an Eksigent nanoLC (Dublin, CA) and Thermo Survey
or micro-autosampler. Peptides were resolved on a 100 um X 11 cm
fused silica capillary column (Polymicro Technologies, LLC., Phoenix,
AZ) packed with 5 um, 300 A Jupiter C18 (Phenomenex, Torrance,
CA). Liquid chromatography was carried out at ambient temperature
at a flow rate of 0.6 ul min~" using a gradient mixture of 0.1% (v/v)
formic acid in water (solvent A) and 0.1% (v/v) formic acid in ACN
(solvent B). Peptides eluting from the capillary tip were introduced into
the LTQ source in micro-electrospray mode with a capillary voltage of
~2 kV. A full scan was obtained for eluting peptides in the range of
400-2000 amu followed by three data-dependent MS/MS scans.
MS/MS spectra were recorded using dynamic exclusion of previously
analyzed precursors for 60 s with a repeat of 1 and a repeat duration
of 1. MS/MS spectra were generated by collision-induced dissocia-
tion of the peptide ions at normalized collision energy of 35% to
generate a series of b- and y-ions as major fragments.

Data Analysis—The “ScanSifter” algorithm read tandem mass
spectra stored as centroided peak lists from Thermo RAW files and
transcoded them to mzData v1.05 files. Only MS/MS scans were
written to the mzData files; MS scans were excluded. If 90% of the
intensity of a tandem mass spectrum appeared at a lower m/z than
that of the precursor ion, a single precursor charge was assumed;
otherwise the spectrum was processed under both double and triple
precursor charge assumptions. Tandem mass spectra were assigned
to peptides from the IPI Human database version 3.33 (September 13,
2007; 67837 sequences) by the MyriMatch algorithm, version 1.1.0
(18). The sequence database was doubled to contain each sequence
in both normal and reversed orientations, enabling false discovery
rate estimation. MyriMatch was configured to expect all cysteines to
bear carboxamidomethyl modifications and to allow for the possibility
of oxidation on methionines. Candidate peptides were required to
feature trypsin cleavages or protein termini at both ends, though any
number of missed cleavages was permitted. A precursor error of 1.25
m/z was allowed, but fragment ions were required to match within 0.5
m/z. The IDPicker algorithm v1.53.3 (19) filtered the identifications for
each reverse phase liquid chromatography run to include the largest
set for which a 5% identification false discovery rate could be main-
tained, as described by Qian et al. (20). Indistinguishable proteins
were recognized and grouped, and parsimony rules were applied to
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generate a minimal list of proteins that explained all of the peptides
that passed our entry criteria (19). This approach uses bipartite graph
analysis to derive a minimal list of protein identifications with shared
clusters of peptides. These identifications were pooled for each IEF
sample set. Proteins were required to have at least two different
peptide sequences observed within an IEF sample set. False discov-
ery rates (FDR) for peptide identifications were computed by the
formula (15): FDR = (2 X reverse)/(forward + reverse). The algorithm
reported the number of spectra and number of distinct sequences
observed for each protein and protein group in each sample set. Each
sample set consisted of multiple technical replicates at the tissue lysis
step, and the results for each replicate are reported in the supple-
mental Tables S1-S7, denoted as “Runs”.

Statistical Analysis—Numbers of protein group IDs obtained and
log-transformed lysine to arginine ratios were compared using a
one-way ANOVA test with Bonferroni post-test in cases of multiple
comparisons, and 95% confidence intervals were determined. Previ-
ous results have shown that spectral counting provides a rough
measure of protein levels in complex protein mixtures, especially for
more abundant proteins (21). We performed regression analysis and
permutation testing using a quasi-likelihood model based on Poisson
distribution commonly used for count data (22) with a correction for
FDR (23). We compared protein group and peptide identifications
between the FFPE and frozen tissue groups and generated quasi p
values and ratios of model-predicted frequencies to identify those
proteins and peptides that had an unequal distribution between these
two groups.

RESULTS

Correction Factor for Protein Concentration Estimation in
FFPE Tissue—To facilitate quantitative analyses of proteins
identified between runs, equal sample loading is imperative.
Yet, estimation of protein concentration from FFPE tissue ly-
sates using, for example, the bicinchoninic acid assay, is not
straightforward because those amino acids that contribute to
the reduction of copper are also susceptible to reactions with
formaldehyde. Thus, the protein concentration estimated from
an FFPE tissue lysate will be lower than the true concentration
by an unknown magnitude. To account for this effect, serial
60-um cross-sections of a frozen colon adenoma were pre-
pared. The adenoma was cylindrical in shape, thus variability in
protein amounts due to differences in tissue area were kept to a
minimum. Four slices were randomly selected and subjected to
fixation in 10% formalin for 24 h at ambient temperature. The
formalin was decanted, and the deparaffinization and trifluoro-
ethanol/ammonium bicarbonate lysis procedure was applied to
the four fixed and four additional frozen tissue slices. Protein
concentration in the lysates was estimated using the bicincho-
ninic acid assay. The fixed sections consistently gave a protein
concentration estimate that was 56% of the measured value for
frozen tissue (supplemental Fig. S1). Assuming equivalent
amounts of protein in each tissue slice, this result provides a
correction factor permitting a more accurate assessment of
protein concentration in FFPE colon adenoma lysates.

Buffer Optimization for Tryptic Digestion of FFPE Tissue
Samples—To ensure deep coverage of the FFPE tissue pro-
teome, various buffers were evaluated in an effort to maximize
the number of confident protein IDs obtained during shotgun

5

4004 * *
i
3 3001
[0}
£
b ¥
-E- 200
o

1001

0

Frozen Ambic EDTA PM
FFPE

FiG. 2. Protein group identifications obtained from reverse
phase LC-MS/MS of 600 ng of protein from frozen and FFPE
tissue. FFPE tissues were prepared by tryptic digestion with or with-
out prior treatment with EDTA and pyridoximaine HCI as described
under “Experimental Procedures.” Error bars represent standard de-
viation (n = 3). *, significantly different from results with frozen tissue
(ANOVA, p = 0.0065; Bonferroni post-test versus frozen: *, p < 0.05).

analysis of tryptic digests from 60-um tissue slices. The buff-
ers were chosen on the basis of their suitability for mass
spectrometry following a solid phase extraction step and in-
cluded: 100 mm ammonium bicarbonate, pH 8.0; 1 mm EDTA
in 100 mm ammonium bicarbonate, pH 8.0; and 100 mm
pyridoxamine in 100 mm ammonium bicarbonate, pH 8.0.
EDTA was chosen because it has been reported that calcium
ions can stabilize interactions between methylol groups that
are generated as methylene bridges between cross-linked
proteins are cleaved during heating (24, 25). This inhibits
antibody recognition of certain antigens and also may affect
trypsin access to substrates cleavage sites. Pyridoxamine
was chosen due to its nucleophilicity, which may enhance
cross-link cleavage through the scavenging of reactive alde-
hydes. Trifluoroethanol was added to each buffer prior to
sonication, to a final concentration of 50% (v/v).

ANOVA testing of the numbers of protein groups identified
from shotgun analysis of the various extracts indicated a
significant difference between the groups (ANOVA, p =
0.0065). Applying a statistical test correcting for multiple com-
parisons revealed a significant reduction in numbers of pro-
tein groups identified in both the EDTA and pyridoxamine
FFPE extracts versus the ammonium bicarbonate-only frozen
extract (Bonferroni post-test p < 0.05; Fig. 2, supplemental
Table S1). No significant difference in the number of protein
groups identified was observed when comparing frozen ver-
sus FFPE tissue extracted with ammonium bicarbonate alone,
nor when comparing the FFPE tissue extracts to one another.
These findings are consistent with previous reports that the
ionic strength and buffer composition have relatively little
effect on protein extraction efficiency, but that heating at
temperatures >60 °C is critical (2).

Inter- and intramolecular cross-linking reactions caused by
formaldehyde are known to involve the primary amines of
lysine side chains (26). Thus, one might expect C-terminal
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FiGc. 3. Comparison of log-transformed ratios of C-terminal ly-
sine versus arginine peptides observed from frozen and FFPE
tissue. Error bars represent 95% confidence interval (n = 3). ***
indicates significantly different from results with FFPE tissue (ANOVA,
p < 0.0001; Bonferroni post-test versus each FFPE group: ™, p <
0.001).

lysine-containing peptides to be under-represented upon
shotgun proteomic analysis of a tryptic digest of FFPE tissue.
Comparison of the ratios of C-terminal lysine to arginine ob-
served during shotgun analysis of FFPE and frozen tissue
digests confirmed this expectation. The log-transformed ra-
tios of Lys- to Arg-terminal peptides revealed a significant
reduction of this ratio in the FFPE dataset, suggesting a
disproportionate loss of lysine-terminal peptides in the fixed
samples (ANOVA, p < 0.0001; Fig. 3, supplemental Table S1).
This finding is consistent with the known chemistry of form-
aldehyde and with previous reports that lysine-terminal pep-
tides are under-represented in proteomic analyses of FFPE
tryptic digests (7).

Another possible explanation for this shift in K to R ratio
could be that modification of amino acid side chains with
formaldehyde would preclude their identification during data-
base searching. Candidate modifications previously reported
include +12 Da (imine) on N termini and lysine and tryptophan
side chains and +30 Da (methylol) on cysteine, histidine,
lysine, and arginine (26). However, searching the spectra
against the IPI database and allowing for these potential
variable modifications did not yield any additional peptide IDs
that could be verified through manual spectral evaluation. We
also conducted an analysis using the P-Mod software tool,
which allows unbiased discovery of peptide modifications
among proteins known to be represented in a dataset, without
the need to specify the mass shifts of interest (27). This
approach detects unanticipated mass shifts and modifica-
tions and avoids the bias introduced by doing multiple rounds
of database searches with amino acid mass shifts incorpo-
rated as dynamic modifications. P-Mod searches of the se-
quences of the 20 most abundant proteins (based on ob-
served spectral counts from the original database searches)
against the entire MS/MS datasets for frozen and FFPE tis-
sues failed to detect any modifications due to formaldehyde
chemistry. The results collectively suggest that most amino

acid modifications induced by formalin fixation of tissue ulti-
mately result in cross-links, or that these modifications may
affect the ionization efficiency and fragmentation of the target
peptides. The algorithms commonly used for peptide se-
quence determination from MS/MS spectra are unable to
account for the complexity of spectra resulting from the frag-
mentation of cross-linked peptides. Algorithms designed es-
pecially for this objective have been described (28, 29) but
require knowledge of the proteins involved in the cross-link-
ing. Absent a targeted enrichment step, the complexity of
FFPE tissue samples precludes identification of cross-linked
species at this time.

Effect of Fixation Time on FFPE Tissue Shotgun Proteom-
ics—An important potential source of variability in peptide and
protein identifications from FFPE samples is fixation time.
Fixation protocols can vary among pathology laboratories,
and specimens may be left in formalin for varying amounts of
time, thus possibly affecting the extent of fixation and protein
cross-linking.

To address this issue, we cut a frozen colon adenocarci-
noma into four pieces of equal size. One piece was left frozen,
and the other three were fixed in a 10% buffered formalin
solution for 1, 2, or 4 days. Fixed tissue was embedded in
paraffin and serial 60-um slices of tissue from each treatment
were prepared, and nine slices were analyzed for each time
point. ANOVA testing indicated a significant difference in pro-
tein groups identified among the fixation time points (ANOVA,
p < 0.0001). Comparisons between the individual groups
revealed no significant difference in the numbers of protein
groups identified among the frozen, 1 day fixation, and 2 day
fixation samples (Fig. 4A, supplemental Table S2). However,
the 4-day fixation sample yielded fewer protein group IDs with
a mean number of IDs that was statistically different from all
the other groups (Bonferroni post-test, p < 0.001). The num-
bers of spectral counts derived from these samples were also
compared and found to bear significant differences (ANOVA,
p = 0.0001). The post-test indicated a significant reduction in
the number of observed spectra for both the 2 day and 4 day
fixation time points compared with the frozen sample (Bon-
ferroni post-test, p < 0.05 and p < 0.001 respectively; sup-
plemental Fig. S2A). This suggests that increased duration of
fixation has a negative impact on the compatibility of the
samples with thorough proteomic characterization. Also,
fewer lysine-terminal peptide spectral counts were observed
at all the fixation time points compared with the frozen sam-
ple, consistent with the observations from the analysis of the
effect of various buffers on protein identifications (supplemen-
tal Fig. S2B). These results would appear to be in conflict with
a recent report in which similar numbers of IDs were obtained
between frozen tissue and tissue fixed for up to 14 days (8). It
is notable, however, that in the previous study fixation was
modeled in a system using entire mouse livers with no paraffin
embedding. The efficiency of fixation when applied to an
intact organ is likely to be less than what would occur in our
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Fic. 4. Assessment of FFPE sample processing and storage var-
iability on protein identifications by shotgun LC-MS/MS. A, effect of
fixation time on efficiency of shotgun proteomic analysis. Error bars
represent standard deviation (n = 9). B, effect of storage duration on
efficiency of shotgun proteomic analysis on FFPE samples. Error bars
represent standard deviation (n = 9). ** indicates significantly different
from all other groups (ANOVA, p < 0.0001, Bonferroni post-test versus
frozen, 1 day and 2 day fixation: ***, p < 0.001).

process, where a frozen polyp was quartered and fixed prior
to embedding in paraffin. Thus, as anticipated, the duration
and extent of fixation are likely to have some impact on
sample suitability for unfractionated shotgun proteomic
analysis, although our data likely represents a worst-case
scenario.

Effect of Storage Duration on FFPE Tissue Shotgun Pro-
teomics—FFPE tissue specimens may be retained for de-
cades. Therefore, another possible source of variability in
analyses of archival FFPE tissue is the length of time of
sample storage. To assess this effect, we conducted shotgun
proteomic analysis on FFPE colon adenoma tissue samples
that had been in storage for 1, 3, 5, or 10 years. The samples
were selected by an experienced gastroenterology patholo-
gist (Mary Kay Washington) on the basis of similar sample
size, tissue characteristics and diagnosis. Triplicate 60-um
slices from each of three different FFPE colon adenomas at
each time point were processed as described under “Exper-
imental Procedures” section. No significant difference was
observed in the number of protein IDs obtained from tissues
that had been stored for up to a decade (Fig. 4B and supple-
mental Table S3). In addition, we compared the total spectral
counts leading to the positive identification of a peptide se-

quence among the runs as a measure of the quality of spectra
obtained from each sample. We observed no significant dif-
ference in the number of confidently identified spectra among
all of the time points considered (supplemental Fig. S3A).
Furthermore, there was no statistical difference in the number
of lysine-terminal or arginine-terminal peptide spectral counts
observed for the various storage time points, suggesting that
the duration of storage has no discernable effect on the extent
of cross-linking (supplemental Fig. S3B and S3C).

Storage duration may impact other modifications among
proteins, such that one might expect oxidative modifications
(such as methionine oxidation) to be more prevalent in older
samples. We did observe a modest increase in the percent-
age of oxidized methionine residues among methionine-con-
taining peptides, which correlated with storage duration
(16.8%, 17.8% 18.2%, and 25.2% for the 1, 3, 5, and 10 year
storage time points, respectively) (supplemental Table S3).
Methionine-oxidized peptides were detected because this ox-
idation was specified as a variable modification in our data-
base searches. Additional analyses with P-Mod were done to
detect spectra corresponding to modified cysteine-containing
peptides from high-abundance proteins (albumin, HSP70,
and filamin A) in three fresh-frozen and three 10-year-old
FFPE samples. These analyses detected only S-carboxam-
idomethylated cysteines but did not detect cysteic acid mod-
ifications. These results suggest that a very modest degree of
protein oxidation occurs during FFPE tissue storage, mainly
on methionine residues.

These results are encouraging because they indicate that
long-term storage of up to 10 years duration should not be a
severe impediment to retrospective proteomic analysis. Also,
since it is unlikely that these samples were fixed in exactly
the same manner, having been collected and processed over
the span of a decade, these results suggest that routine
variability in fixation procedure can be accommodated during
shotgun proteomic analysis.

IEF of FFPE Tryptic Digests—Multidimensional separation
strategies have been widely employed at the protein and
peptide level to enhance proteomic coverage by presenting
multiple peptide fractions for LC-MS/MS analysis (21). How-
ever, the utility of gel-based IEF on immobilized pH gradient
strips for analysis of FFPE samples has yet to be demon-
strated. To assess this separation method, 200 ug of tryptic
digest derived from each of three 60-um FFPE and frozen
colon adenoma tissue slices were analyzed using a multidi-
mensional peptide separation platform, shown schematically
in Fig. 1. A narrow pl range (pl 3.5-4.5) separation contains
tryptic peptides from a majority of proteins and was chosen
based on previous studies (17, 30).

This fractionation strategy yielded a >6-fold increase in
protein group identifications compared with single dimension,
reverse phase LC-MS/MS analysis. Moreover, the total num-
ber of protein groups identified in the FFPE samples was 90%
of that identified in frozen tissue and a similar distribution of
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Frozen (2554 Protein Groups)

Protein Groups

123456 7 8 910111212314 1516 17 18 19 20
Fraction

FFPE (2302 Protein Groups)

1234567 8 910111213 14 15 16 17 18 19 20
Fraction

FiG. 5. Protein group identifications observed in IEF fractions
from frozen tissue (top panel) and FFPE tissue (bottom panel).
Lysis, digestion and IEF runs were performed in triplicate as de-
scribed under “Experimental Procedures.”

identifications over the 20 fractions was observed for both
sample types (Fig. 5 and supplemental Table S4). The total
number of unique peptides identified was 10349 from FFPE
samples and 12265 from the frozen samples, whereas the
number of spectral counts observed was 27004 and 34482,
respectively.

Equivalence of Identifications for FFPE and Frozen Sam-
ples—The resulting protein IDs were analyzed using the Web-
Gestalt gene annotation tool, which allows facile comparison
of large protein datasets (31). This analysis involves conver-
sion of IPI protein accession numbers generated by our anal-
yses to Entrez gene accession numbers, resulting in slight
differences in the numbers of proteins represented in this
analysis compared with the IDPicker dataset. The apparent
overlap in protein identifications between the two datasets
was ~67%, suggesting differences in the pools of proteins
detectable between frozen and FFPE samples (Fig. 6A). This
degree of divergence is surprising because both the FFPE and
frozen polyps were derived from the same patient. The distri-
bution of proteins among subcellular compartments was
nearly identical between the FFPE and frozen tissue datasets
(Fig. 7), suggesting that the apparent differences in proteins
observed in the two datasets were not biased toward a spe-
cific cell compartment.

A possible explanation for the apparent divergence in spe-
cific proteins identified in the frozen and FFPE datasets is that
modification and cross-linking of peptides containing lysine
residues might shift the sampling of peptides to favor those
terminating in arginine. To address this possibility, we exam-
ined the ratio of lysine- to arginine-terminal peptides for the

A

Frozen 1918 FFPE
67% overlap

B

Frozen 88| FFPE
92% overlap

FiG. 6. A, overlap of protein groups identified between frozen and
FFPE samples searched separately. B, overlap of protein groups
identified between frozen and FFPE samples when datasets are com-
bined for database search. See text for discussion.
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Fic. 7. Annotated subcellular distribution of unique proteins
identified from frozen and FFPE tissue. Results were compiled
using the WebGestalt gene analysis tool.

|IEF-fractionated samples. In the frozen samples, this ratio
remained essentially identical to the relative prevalence of
lysine and arginine among proteins (supplemental Fig. S4)
(82). The Lys/Arg ratio was lower for the |EF-fractionated
FFPE samples, and the difference between the frozen and
FFPE ratios was significant using a two-tailed t test (p =
0.0005; supplemental Fig. S4). (We did note, however, that the
Lys/Arg peptide ratio was higher in the IEF-fractionated FFPE
samples than in the unfractionated FFPE samples (see Fig. 3,
above). This result may indicate that the acidic peptides (pl
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3.5-4.5) targeted in our fractionation strategy are less sus-
ceptible to modification and cross-linking by formaldehyde.)
Consistent with the observed difference in Lys/Arg ratios for
frozen and FFPE samples, the number of proteins identified
only by lysine-terminal peptides was greater in the frozen
samples than in the FFPE samples (345 versus 270, respec-
tively), whereas the number identified only by arginine-termi-
nal peptides was less in the frozen than FFPE (289 versus
359). Despite these differences in peptide characteristics,
only 166 of the proteins in these categories were uniquely
identified in the FFPE dataset (62 lysine only, 104 arginine
only) representing less than half of the total IDs apparently
unique to the FFPE samples (Fig. 6A).

The best explanation for the apparent divergence in protein
groups observed emerges upon examination of the numbers
of peptides identified by database searching with the com-
bined FFPE and frozen datasets. When analyzed in this man-
ner using IDPicker and WebGestalt, a total of 2988 protein
groups were identified, of which only 88 were unique to the
FFPE dataset and 150 were unique to the frozen, represent-
ing an overlap of 92% (Fig. 6B and supplemental Table S5).
Since our analysis required at least two distinct peptides to
define a protein hit, those proteins with a single unique
peptide observed in the FFPE dataset were not identified
when searching the frozen and FFPE datasets separately.
When the datasets are considered together, nonidentical,
single peptide identifications from each combine to yield
additional confident identifications. The combined dataset
benefits from enhanced coverage, and the overlap in iden-
tifications is maximized.

We also compared numbers of spectral counts observed
from proteins identified in the combined dataset. Only three
proteins were found for which there was a confident differ-
ence in spectral counts of 3-fold or greater between the
frozen and FFPE sets. These proteins were histone H2A,
collagen, and a U4/U5/U6 tri-small nuclear ribonuclear pro-
tein associated protein. Thus, despite an unavoidable loss of
sensitivity associated with the use of FFPE tissue, we found
no indication of a qualitative difference in the proteins observ-
able through shotgun proteomic analysis of FFPE and frozen
tissue samples. These results suggest that the collection of
proteins observed using our multidimensional peptide sepa-
ration platform on FFPE tissue samples accurately reflects the
proteome observable in frozen tissue.

False Differences between Frozen and FFPE Proteomes
Derived from Single Peptide-based Protein Identifications—
The data obtained from LC-MS/MS analysis of the three FFPE
and three frozen |IEF-fractionated colon adenoma samples
described above were combined and subjected to IDPicker
analysis at 5 and 1% FDR, whereas allowing single peptide
identifications to specify a protein identification. A large ap-
parent divergence in identified proteins between frozen and
FFPE proteomes was observed when proteins identified by
single peptides were accepted as valid (Fig. 8 and supple-

5% FDR Accepting Single Peptide IDs

Frozen FFPE
57% overlap
1% FDR Accepting Single Peptide IDs
Frozen 806 2870 FFPE
67% overlap

FiGc. 8. Divergence in protein identifications when accepting
single peptide IDs. Datasets were combined and analyzed using
IDPicker to achieve the most parsimonious protein set. Numbers
represent protein group identifications.

mental Tables S6 and S7). This occurs despite combining the
FFPE and frozen data in order to leverage parsimonious pro-
tein identification and to reduce spurious unique IDs. Since
both the FFPE and frozen specimens were derived from
the same individual, we would expect complete overlap in the
identities of proteins. However, this is clearly not the case
here and stands in stark contrast to the 92% overlap obtained
when combining the datasets and requiring at least two
unique peptides per protein (Fig. 6B).

Given the stochastic nature of the sampling of low abun-
dance peptides inherent in LC-MS/MS and the fact that a
significant majority (>70%) of the single hit proteins observed
were identified by only a single spectrum (at either a 5% or
1% FDR), the apparent proteome diversity observed through
such an analysis alone cannot be taken as proof of differential
expression. Since single peptide identifications can account
for as many as half of protein identifications in studies accept-
ing them as valid, extreme caution should be exercised when
considering the results of such analyses.

DISCUSSION

Recent work demonstrating the feasibility of employing
FFPE tissue specimens for shotgun proteome analyses offers
the prospect of retrospective biomarker discovery (7-13). Al-
though this body of work indicates that FFPE tissue samples
yield protein identifications, these studies do not indicate
whether shotgun proteome inventories accurately represent
the collection of proteins identified in similar analyses of fresh
frozen tissues. Our data indicate that shotgun proteome anal-
yses of FFPE tissues yield proteome inventories that are
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greater than 90% equivalent to those generated from frozen
tissues, both in numbers of proteins identified and in identities
of the protein inventories.

Proteins in FFPE tissues have undergone extensive modi-
fications due to formaldehyde reaction with lysine e-amino
groups and protein N termini. Nevertheless, after deparaf-
finization and rehydration, these cross-linked proteins are still
efficiently digested with trypsin under mild conditions typically
used for fresh tissues and without need for additional special-
ized reagents. Our results indicate that proteome inventories
of fresh and FFPE tissues encompass virtually the same
proteins, despite a decreased representation of C-terminal
lysine-containing proteins (see below). Comparison of identi-
fications based on gene ontology categories representing
cellular localization and function indicates no organelle- or
function-related bias in identifications from FFPE tissues.
Thus, the key conclusion of our work is that proteome anal-
yses of FFPE and frozen tissues afford the same proteomic
view of the biology of the system under study. It is this
criterion, more than simply an ability to generate protein iden-
tifications that establishes the validity of proteomic analysis of
FFPE tissues for biomarker discovery studies.

The widespread reaction of formaldehyde with proteins
would be expected to produce several protein modifications,
including lysine cross-links, and the effects of fixation are clearly
manifested in our datasets. FFPE peptide inventories exhibited
a disproportionate loss of C-terminal lysine peptides (Fig. 3 and
supplemental Fig. S4). FFPE samples also yielded fewer spec-
tral counts overall, fewer proteins identified by 8 or more pep-
tides in the IEF dataset (278 for FFPE, 361 for frozen) and fewer
peptides overall than observed with frozen samples. These
differences result in an apparent disparity in protein group iden-
tifications when the FFPE and frozen datasets are processed
separately in IDPicker. Surprisingly, we did not directly observe
any peptide modifications consistent with known lysine-form-
aldehyde chemistry. We observed no MS/MS evidence for
formaldehyde-derived modifications in the FFPE samples. We
searched for modifications in both a targeted manner (i.e.
specifying modifications as variable modifications to lysine in
database searches) and in an unbiased manner (i.e. P-Mod
search of data for proteins identified in the samples). We note
that P-Mod detects spectra that correspond to modified vari-
ants of peptides specified as search sequences. Presumably,
the majority of intermediates formed from amino acids react-
ing with formaldehyde go on to form cross-linked products
that are not amenable to identification using current database
searching algorithms or P-Mod. However, we should note
that, although protein input was standardized between FFPE
and frozen samples, the exact quantity of peptides loaded
onto the IEF strips was not known. A disproportionate loss of
material during the desalting of peptides from the FFPE sam-
ples cannot be ruled out, but appears unlikely.

Our analyses demonstrate that proteome inventories for
frozen and FFPE samples are equivalent at the level of global

protein expression. However, we did not attempt to analyze
the posttranslational modification (PTM) status of proteins in
FFPE specimens beyond our limited screen using P-Mod for
modifications among the 20 most abundant proteins. These
analyses only established that formaldehyde-derived modifi-
cations were not detected. Successful analysis of biologically
derived PTMs typically requires affinity enrichment for the
modification of interest, which we did not attempt. Even in our
analyses of frozen tissues, PTMs would have been detected
only sporadically, due to the low abundance of modified pep-
tides relative to unmodified peptides. Although we cannot
draw any conclusions about the analyses of PTM in FFPE
tissues from our data, it seems reasonable to suspect that
PTM-directed analyses in FFPE would be complicated by
dynamic changes during the fixation process and due to
complications of affinity enrichment and the difficulty of veri-
fication using Western blotting with FFPE samples.

An important lesson learned in our studies is the impact of
methods for data analysis on the degree of overlap between
frozen and FFPE protein identifications. Our initial analysis of
the data involved separate database searches of the data
from frozen and FFPE tissue. Comparison of the identification
lists indicated a significant disparity in protein group identifi-
cations (>30% divergence; Fig. 6A), which suggested that
application of a common analysis platform to the two sample
types yielded different proteome inventories. However, this
apparent disparity was an artifact caused by searching the
FFPE and frozen tissue datasets separately and then com-
paring the identified protein lists. A search restricted to either
FFPE or frozen tissue datasets imposes a limit on protein iden-
tifications due to the requirement for two peptide identifications
per protein identification. For example, in separate searches of
the FFPE and frozen tissue data, if a protein is identified by two
peptides in the frozen tissue dataset, but only by one peptide in
the FFPE tissue dataset, then that protein is assigned only to the
frozen tissue when the protein lists are compared. When the
combined datasets are searched together, single peptide iden-
tifications of proteins from one set (e.g. FFPE) can be “rescued”
by identification of one or more additional peptides in the other
set (e.g. frozen). The combined search recognizes evidence for
the same protein in both datasets and more correctly represents
the overlap of protein identifications between frozen and FFPE
tissues at over 90% (Fig. 6B). This rationale is distinct from the
issue of whether to accept single peptide-based protein identi-
fications. If the requirement for protein identification by at least
two peptide identifications is relaxed, then the overlap between
FFPE and frozen tissues decreases dramatically, even when the
FDR for peptide identification is made more stringent (Fig. 8).

Another important aspect of our work with FFPE tissues is
the standardization of protein input. We empirically deter-
mined a correction factor for protein analysis of FFPE tissues
using the bicinchoninic acid assay and used this approach to
measure the amount of protein analyzed. In our experience, a
colon adenoma FFPE sample of 60-um thickness and 5-mm
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diameter typically yielded 300-400 ung of protein. We ana-
lyzed FFPE samples corresponding to 200 wg of protein,
which is equivalent to ~2 mg (wet weight) of fresh or frozen
tissue. These samples typically yielded about 400 protein
group identifications in reverse phase LC-MS/MS analyses
and about 2300 protein group identifications in multidimen-
sional |IEF-reverse phase LC-MS/MS analyses. In work with
laser capture microdissected prostate tissue, Hood et al. (7)
identified ~200-300 proteins with at least two peptide iden-
tifications from 100,000 cells. Their evaluation of gene ontol-
ogy categories represented by their datasets from FFPE and
similar frozen tissue specimens also suggested little or no
selectivity bias in analysis of FFPE tissue. Thus, we expect
that our conclusions regarding the equivalence of FFPE and
frozen tissues apply to laser capture microdissected
specimens.

An important advantage of working with FFPE tissues is
the linkage of these specimens with information about clin-
ical outcomes related to disease course or response to
therapy. Because these outcomes may describe events oc-
curring long after specimen collection, the proteins in archi-
val FFPE samples must be sufficiently stable so that later
analyses provide an accurate representation of the pro-
teome at the time the tissue was obtained. Our results
indicate that long-term storage of FFPE colon adenoma
samples did not compromise the identification of proteins in
these specimens. On the other hand, extended fixation for
greater than 2 days did compromise protein identifications.
These results provide evidence that use of archival FFPE
specimens for retrospective studies is possible. Despite
these encouraging results, we recognize that factors affect-
ing the stability and utility of archival FFPE specimens will
require much more detailed and systematic evaluation, par-
ticularly with respect to PTM. Our work builds upon the
previous cited work on shotgun proteomics with FFPE tis-
sue specimens and clearly establishes the identity of FFPE
samples with corresponding fresh frozen tissue. This dem-
onstration is a critical element in justifying their use in
retrospective biomarker discovery studies.
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